Abstract. The aim of the present study was to explore the effect of bergamottin, a natural furanocoumarin obtained from grapefruit juice, on the invasiveness of human glioma cells. The results revealed that treatment with bergamottin for 48 h significantly inhibited wound-healing migration and Matrigel invasion of human glioma cells, compared with untreated cells (P<0.05). Bergamottin treatment caused a significant decrease in the expression and secretion of matrix metalloproteinase (MMP)-9 in glioma cells compared with untreated cells (P<0.05). A Rac1-GTP pull-down assay demonstrated that bergamottin-treated glioma cells had a significantly decreased level of active Rac1-GTP compared with untreated cells (P<0.05). However, bergamottin had no significant effect on cell division cycle 42 activity. Expression of constitutively activated Rac1 almost completely restored the migration and invasion of bergamottin-treated glioma cells. In addition, bergamottin-induced downregulation of MMP-9 was prevented by exogenous activated Rac1. The results of the present study demonstrated that bergamottin exhibits anti-invasive activity in human glioma cells through the inactivation of Rac1 and downregulation of
Introduction
Gliomas represent the most common type of primary tumors of the central nervous system (1) . The highly invasive feature of malignant gliomas renders them refractory to surgery, radiation and chemotherapy (2) . Despite improvement in treatment modalities, the median survival time for malignant gliomas is only between 1 and 2 years (3, 4) . Therefore, it is of importance to develop novel effective therapies against invasive gliomas.
Rho GTPases are a family of small signaling G-proteins that perform critical roles in cancer cell migration, invasion and metastasis (5) . They act as molecular switches through cycling between an inactive GDP-bound and active GTP-bound form. Rac1 is one of the most studied Rho GTPase family members (5) . Several lines of evidence indicate that Rac1 activation contributes to glioma cell invasion (6) (7) (8) . Nakada et al (6) reported that the ephrin-B3 ligand facilitates the invasion of glioma cells through activation of Rac1. Tumor necrosis factor receptor superfamily member 19 (TNFRSF19) overexpression has been found to activate Rac1 signaling to drive glioma cell invasion and migration, and inactivation of Rac1 may abrogate TNFRSF19-induced glioma cell invasion (8) . ZINC69391, a specific Rac1 inhibitor, has been reported to exhibit anti-invasive activity on glioma cells (9) . These studies indicate a pivotal role for Rac1 signaling in glioma invasion. Matrix metalloproteinases (MMPs), which are important regulators of extracellular matrix degradation, have been documented to be implicated in Rac1-induced cell invasion (10) .
Bergamottin, a natural furanocoumarin abundantly present in grapefruit juice, has been demonstrated to exhibit anticancer effects in a variety of human cancers, including chronic myelogenous leukemia (11), multiple myeloma (12), skin cancer (13) and breast cancer (14) . It has been reported that bergamottin enhances tumor necrosis factor-induced apoptosis in human chronic myelogenous leukemia via inactivation of nuclear factor-κB signaling (11). Kim et al (12) reported that bergamottin exhibits chemosensitizing activity in multiple myeloma cells via inhibition of the signal transducer and activator of transcription 3 signaling pathway. Hwang et al (15) demonstrated that bergamottin may prevent phorbol 12-myristate 13-acetate-induced tumor cell invasion via downregulation of MMP-9 expression. Despite these studies, relatively little is known about the effect of bergamottin in human glioma.
Therefore, in the present study, the potential anticancer effect of bergamottin on human glioma cells was explored. Considering the importance of Rac1 in glioma invasion, the involvement of Rac1 in the action of bergamottin was also investigated. Fig. 1A ) was purchased from ChromaDex (Irvine, CA, USA). The cells were incubated with 2 and 10 µM bergamottin for 48 h at 37˚C and collected for subsequent analyses.
Bergamottin
Plasmid transfection. A constitutively active Rac1 construct (pcDNA3-EGFP-Rac1-Q61L) was purchased from Addgene, Inc. (Cambridge, MA, USA). Transient transfection of pcDNA3-EGFP-Rac1-Q61L or empty vector was performed using Fugene reagent (Roche Diagnostics, Basel, Switzerland), according to the manufacturer's protocol. At 24 h post-transfection, cells were exposed to bergamottin for an additional 48 h and examined for cell migration, invasion and MMP-9 expression. To estimate transfection efficiency, parallel cell cultures were transfected with a green fluorescent protein (GFP)-encoding plasmid (pEGFP-C1; Clontech Laboratories, Inc., Mountain View, CA, USA). In the present study, transfection efficiency was >85%.
Cell viability assay. The cells in serum-free medium were seeded at 5x10 3 cells/well in 96-well plates and treated with bergamottin for 48 h. Cell proliferation was assessed using the Cell Titer 96 aqueous non-radioactive cell proliferation assay kit (Promega Corporation, WI, USA), according to the manufacturer's protocol. Absorbance was read at 490 nm using a microplate reader.
Wound-healing assay. Cells were seeded in 6-well plates and grown to 100% confluence. A scratch wound was made in the cell monolayer using a 10 µl pipette tip. Detached and damaged cells were carefully washed with PBS. The adherent cells were then cultured in DMEM containing 1% FBS with or without bergamottin. Following incubation for 48 h at 37˚C, images of cells were captured using a light microscope (DM6000 B; Leica Microsystems GmbH, Wetzlar, Germany) in 5 random fields (magnification, x40). The percentage of wound closure was calculated as follows: [(Initial wound area-post-migration area)/initial wound area] x100. Transwell invasion assay. Transwell chambers in 24-well plates were coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) in DMEM and incubated at 37˚C for 45 min to allow the gel to solidify. The lower chambers were filled with DMEM with 10% FBS as a chemoattractant. The upper chambers were seeded with 2x10 4 cells/well in serum-free DMEM containing 2 or 10 µM bergamottin. Following incubation for 48 h at 37˚C, non-invading cells (upper chamber) were gently removed with a cotton swab. Invading cells (lower chamber) were fixed with 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), stained with 0.2% crystal violet (Sigma-Aldrich; Merck KGaA) and counted under a light microscope (DM6000 B; Leica Microsystems GmbH). A total of 10 random microscopic fields (magnification, x200) were examined for each well.
Western blot analysis of MMP-9 protein.
Following treatment, cells were collected and lysed in ice-cold radioimmunoprecipitation assay buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) containing 50 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, and 10 µg/ml aprotinin and leupeptin (Sigma-Aldrich; Merck KGaA). The lysates were clarified and quantified using the Bradford Protein assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA), according to the manufacturer's protocol. Equal amounts of total protein (40 µg per lane) were resolved by 10% SDS-PAGE and transferred onto nitrocellulose membranes. Following blocking with 10% fat-free milk, the membrane was incubated with rabbit anti-MMP-9 antibody (1:500; cat. no. sc-393859) or anti-β-actin antibody (1:1,000; cat. no. sc-130301; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight, followed by incubation at room temperature for 1 h with horseradish peroxidase-conjugated secondary antibody (1:3,000; cat. no. sc-2005; Santa Cruz Biotechnology, Inc.). Protein bands were visualized using enhanced chemiluminescence (GE Healthcare Life Sciences, Chalfont, UK) and quantified using Quantity One software (version 4.6.2; Bio-Rad Laboratories Inc.).
Rho GTPase activity assays. U87 and U251 cells were treated for 48 h with or without bergamottin, and the Rac1 Activation assay kit was performed according to the manufacturer's protocol (Cell Biolabs, Inc., San Diego, CA, USA). Following treatment, cells were lysed in tissue culture plates and cell lysates were clarified by centrifugation at 12,000 x g for 10 min at 4˚C. The protein concentration was quantified using the Bradford protein assay. Lysates (50 µg/lane) were diluted and incubated for 1 h with glutathione transferase-fusion proteins containing the p21-binding domain of p21-activated protein kinase 1. Bound complexes were washed and subjected to western blot analysis using mouse monoclonal antibody anti-Rac1 (1:300; cat. no., 610650; BD Biosciences) or anti-cell division cycle (Cdc) 42 (1:300; cat. no., 610929; BD Biosciences). The intensity of immunoreactive signals was quantified using Quantity One software (version 4.6.2; Bio-Rad Laboratories, Inc.).
ELISA. Cells were treated with bergamottin for 48 h and the supernatants were collected and centrifuged at 12,000 x g for 10 min at 4˚C. The protein concentrations of MMP-9 in the supernatants were determined using the human MMP-9 Quantikine ELISA kit according to the manufacturer's protocol (R&D Systems, Inc., Minneapolis, MN, USA).
Statistical analysis.
All data are presented as the mean ± standard error. The significance of differences among groups was determined using one-way analysis of variance followed by Tukey's test. P<0.05 was considered to indicate a statistically significant difference.
Results

Bergamottin inhibits migration and invasion of human glioma cells.
Exposure to bergamottin <10 µM in serum-free medium had no significant effect on the viability of U87 and U251 cells, compared with control cells (Fig. 1B) . Wound-healing assays demonstrated that bergamottin suppressed the migration of U87 and U251 cells into the wound in cell monolayers (Fig. 1C) . Quantification analysis indicated that the percentage of wound closure was significantly decreased in bergamottin-treated cells compared with untreated control cells (P<0.05). The invasive ability of glioma cells was assessed using Matrigel-coated Transwell assays. Following bergamottin treatment for 48 h, the number of invading cells was decreased between 40 and 70% in comparison with control cells (P<0.05; Fig. 2) .
Bergamottin suppresses the expression and secretion of MMP-9.
The effects of bergamottin on the expression and secretion of MMP-9 were then assessed. Bergamottin at 2 and 10 µM decreased MMP-9 protein expression in U87 and U251 cells (Fig. 3A) , which was determined to be significant (P<0.05; Fig. 3B ). ELISA confirmed that the supernatants from bergamottin-treated cells expressed significantly decreased levels of MMP-9 compared with those from control cells (P<0.05; Fig. 3C ).
Bergamottin interferes with the activation of Rac1. To examine the effect of bergamottin on Rac1 activation, Rac1-GTP pull-down assays were performed in U87 and U251 cells treated with or without bergamottin. Bergamottin treatment caused a significant decrease decline in the level of active Rac1-GTP, compared with untreated cells (P<0.05; Fig. 4A ). However, no change in Cdc42 activity was detected (Fig. 4B) . These results indicated that bergamottin is specific for inhibition of Rac1.
Rac1 inactivation is involved in the anti-invasive activity of bergamottin.
To validate whether the anti-invasive effect of bergamottin is mediated through Rac1 inactivation, glioma cells were pre-transfected with constitutively activated Rac1 or empty vector prior to exposure to 10 µM bergamottin, and cell migration and invasion were assessed. Notably, the presence of constitutively activated Rac1 almost completely restored the migration and invasion of bergamottin-treated U87 and U251 cells (Fig. 5A and B) . In addition, bergamottin-induced suppression of MMP-9 protein expression was significantly prevented by exogenous activated Rac1 (P<0.05; Fig. 5C ). 
Discussion
There is growing interest in the application of plant phytochemicals as anticancer agents (16) (17) (18) . Racoma et al (17) reported that thymoquinone, a bioactive compound of the Nigella sativa seed oil, exerts inhibitory effects on the clonogenicity of glioblastoma cells, but not of normal human astrocytes. Quercetin (a dietary flavonoid) has been demonstrated to promote apoptotic death in human glioma cells (18) . Bergamottin has been reported to induce an apoptotic response in tumor cells (11, 12) . To the best of our knowledge, the present study provides the first evidence for the anticancer potential of bergamottin in human glioma. The results of the present study demonstrated that bergamottin treatment causes a significant suppression of the migration and invasion of human glioma cells. The anti-invasive activity of bergamottin has also been described previously (15) . These results indicated that bergamottin affects multiple aspects of cancer development and progression.
Mechanistically, it was revealed that bergamottin treatment significantly impaired the activation of Rac1 and downregulated the expression of MMP-9. Rac1 has been identified as a key regulator of cancer cell invasion (6) (7) (8) . C6 glioma cells with high Rac1 activity possess increased invasiveness compared with those with low Rac1 activity (19) , indicating a favorable role for Rac1 in glioma invasion. Targeting Rac1 abrogates cancer progression and metastasis (20, 21) . Rac1 small-molecule inhibitors (ZINC69391 and 1A-116) have been documented to decrease cell proliferation, trigger apoptotic death and inhibit cell migration and invasion in malignant glioma cells (9) . These studies indicated that Rac1 is a potential target for controlling cancer invasion and metastasis. To confirm the role of Rac1 in bergamottin-mediated anti-invasive effects, active Rac1 was constitutively expressed in glioma cells and changes in the invasiveness of glioma cells were evaluated. The results of the present study demonstrated that U87 and U251 cells with constitutively activated Rac1 maintained their invasiveness in the presence of bergamottin, suggesting that the anti-invasive activity of bergamottin in glioma cells is largely mediated through inactivation of Rac1.
The pro-invasive activity of Rac1 is associated with enhanced expression and secretion of MMPs (22) (23) (24) . Zhang et al (23) reported that extracellular ATP facilitates the invasion of prostate cancer cells through the activation of Rac1 and Cdc42 and the upregulation of MMP-3 and MMP-13. The results of the present study demonstrated that enforced expression of activated Rac1 prevented the suppression of MMP-9 expression in glioma cells by bergamottin. MMP-9 performs a critical role in glioma cell invasion. Downregulation of MMP-3 and MMP-9 has been demonstrated to contribute to inhibition of glioma cell invasion by glycitein, a bacterial metabolite of the isoflavone glycitin (25) . Targeting MMP-9 via small interfering RNA leads to decreased invasiveness of glioma cells (26) . Taken together, bergamottin-mediated suppression of glioma cell invasion is associated with inactivation of Rac1 and a subsequent decrease in MMP-9 expression. However, the signaling pathways involved in bergamottin-induced inactivation of Rac1 remain unclear.
To the best of the knowledge of the authors, the present study provided the first evidence that bergamottin has anti-invasive activity in human glioma cells, which is primarily associated with inhibition of Rac1 activation and downregulation of MMP-9. These results indicated that bergamottin has therapeutic potential for the treatment of metastatic glioma.
